An experimental sheep model was used for impaction allografting of 12 hemiarthroplasty femoral components placed into two equal-sized groups. In group 1, a 50:50 mixture of ApaPore hydroxyapatite bone-graft substitute and allograft was used. In group 2, ApaPore and allograft were mixed in a 90:10 ratio. Both groups were killed at six months. Ground reaction force results demonstrated no significant differences (p > 0.05) between the two groups at 8, 16 and 24 weeks post-operatively, and all animals remained active. The mean bone turnover rates were significantly greater in group 1, at 0.00206 mm/day, compared to group 2 at 0.0013 mm/day (p < 0.05). The results for the area of new bone formation demonstrated no significant differences (p > 0.05) between the two groups. No significant differences were found between the two groups in thickness of the cement mantle (p > 0.05) and percentage ApaPore-bone contact (p > 0.05).
The increasing practice of undertaking total hip replacement (THR) in younger patients has been associated with a doubling of the rates of revision THR since 1991, with one in five of all THRs now being a revision procedure. 1, 2 Patients with bone loss may face multiple revisions as a result of inadequate fixation of the stem, reducing the survival of revision prostheses and exacerbating bone loss. 3 Impaction allografting has the potential to regenerate proximal bone and increase fixation of the implant in the proximal femur. Studies have shown encouraging clinical, radiological and histological results, demonstrating that impaction bone grafting can reverse loss of bone stock, with graft being replaced by new bone in both humans and in animal models. 4 However, allograft does have a number of disadvantages; it can evoke an immune response, it lacks osteogenic cells, which are destroyed by freezing, and it increases the risk of infection. 5 The material properties of bone graft obtained from different femoral heads are inconsistent. Recent research has centred on maximising osteoconduction and the capacity for bone incorporation of impaction grafting when using bone-graft substitutes such as hydroxyapatite (HA). 6, 7 Several commercial bone-graft substitutes are now used to expand the quantities of allograft available.
One such substitute is ApaPore 60, made from HA (ApaTech Ltd, Elstree, United Kingdom) which has been chemically and structurally manipulated to maximise host bone ingrowth following impaction while maintaining structural integrity. ApaPore 60 granules, which measure between 2 mm and 5 mm, have a microporosity similar to that of cancellous bone, which allows nutrient transfer and enhances graft stability. In addition, it has a high level of fully interconnected macroporosity, which facilitates angiogenesis and osseointegration. The aim of this study was to test the hypothesis that the use of ApaPore in two combinations with allograft would be stable and induce similar patterns of bone formation in impaction grafting in the femur.
Materials and Methods
Femoral hemiarthroplasty components were inserted into the right hips of 12 skeletallymature female commercially cross-bred sheep weighing between 65 kg and 80 kg and aged between two and five years. All procedures were carried out in compliance with United Kingdom Home Office regulations (Animal Scientific Procedures Act 1986). 8 The prostheses were manufactured specifically for a sheep model from cast cobalt-chrome alloy of a collarless, polished double-tapered design and were cemented in place. Two groups of six animals were used. In group 1, the ApaPore was mixed with allograft in a 50:50 ratio by volume, and in group 2 the ApaPore:allograft ratio was 90:10. Graft preparation. Prior to surgery, allograft was harvested from the epiphyses of sheep femora and tibiae and morcellised to produce a graded graft material with a bone chip size of less than 5 mm. Our graft was gamma irradiated in a frozen state with 25 kGy to 35 kGy and stored at -20˚C with thawing undertaken approximately two hours before surgery. Surgery. The right hip joint was exposed through an anterolateral approach and the femoral head excised. The small amount of cancellous bone in the proximal femur was removed using a curette. A centralising guide wire was attached to an expandable restrictor which was placed in the cavity, and the distal graft was impacted in place using modified Exeter impactors (Stryker UK Ltd, Newbury, United Kingdom) which fitted over the guide wire. Prior to insertion, the ApaPore granules and allograft were mixed in blood (1:1 mixture) withdrawn from the jugular vein. Once coagulated, the mixture was inserted and impacted within the femur to a thickness of 3 mm to 4 mm. The guide wire was removed, the cavity filled with surgical grade Simplex bone cement (Stryker UK Ltd) using a cement gun and a revision insert (Stryker UK Ltd), and the femoral component inserted after 3.5 to 4 minutes. In all cases, a 25 mm diameter femoral head was used. The hip joint was then reduced and the wound closed.
After surgery, animals were allowed immediate mobilisation and weight-bearing as tolerated. Antibiotic and analgesic prophylaxis was administered daily with subcutaneous injections of Baytril (5 mg/kg enrofloxacin; Bayer AG, Leverkusen, Germany) and Finadyne (2 mg/45 kg flunixin meglumine; Schering-Plough Ltd, Uxbridge, United Kingdom) for three days post-operatively. Animals were kept in individual pens for four weeks before being housed together. Implants remained in vivo for six months. were taken for the right and left legs of each animal. Mean values of right over left were calculated as a percentage (%mR/mL) to evaluate how well the animal used its operated leg, where 100% represented full weight-bearing. Preoperatively, only animals that were within a 5% range of full weight-bearing were selected for use in the study. Radiological analysis. Radiographs of each hip joint were taken immediately following operation, at 8 and 16 weeks after, and then following killing after 24 weeks. These radiographs were used for observation only.
On retrieval, the femora were removed and immediately placed in a 10% formaldehyde solution and, following dehydration, embedded in hard-grade acrylic resin (LR White; London Resin Company, London, United Kingdom). Sections approximately 60 µm thick were prepared through four regions of the femur comprising the proximal, middle and tip of the femoral component, and one region distal to the tip (Fig. 1 ) by cutting on a diamond band saw, followed by grinding using abrasive papers and finished by polishing on a cloth with aluminium oxide. Tetracycline bone marking. Fluorescent bone markers were administered to allow quantification of the rate of bone turnover adjacent to the femoral component in the two experimental groups. Subcutaneous injections (30 mg/kg) were given two months post-operatively and three weeks later, followed by a third administration in the fifth month after surgery, and another three weeks later. Prior to staining, the 60 µm sections were examined using fluorescence microscopy and photographed to record the fluorochrome lines. The rates of bone turnover in µm/day were calculated by measuring the distance between these fluorescent lines, dividing by the magnification and the number of days between doses. Histological analysis. Sections were prepared with toluidine blue and paragon staining. Images of each thin section were obtained using a digital camera and captured with the KS300 Image Analysis Software Package (Imaging Associates; Zeiss, Oxford, United Kingdom). Each section was divided into four quadrants, and using a power four objective lens, one random area within each quadrant within the An anteroposterior radiograph of a retrieved femur demonstrating the levels at which the implant was sectioned and analysed.
borders of the original endosteal cavity was selected and the thickness of the cement mantle and the area of new bone formation was estimated using a threshold routine in the image analysis software package. The extent of contact between ApaPore and new bone was measured at eight equidistant sites using a line intercept method. Scanning electron microscopy. Thin sections (60 µm) were sputter-coated with gold and prepared for viewing using the Jeol Winesem JSM-35C scanning electron microscope (SEM) (JEOL, Welwyn Garden City, United Kingdom). Only the distal sections from each animal in each experimental group were assessed using this technique. Specimens were examined using backscattered electron microscopy. Statistical analysis. The results were analysed using the SPSS version 10.1 statistical software package (SPSS Inc., Chicago, Illinois). A Kolmogorov-Smirnov test showed that all data were non-parametric, and a Mann-Whitney U test was used to compare results obtained in the different experimental groups. A p-value < 0.05 was considered significant.
Results
Ground reaction force. No significant differences were observed in the mean pre-operative ground reaction force when the experimental groups were compared (MannWhitney U test, p > 0.05). All results were normalised to the mean %mR/mL values collected pre-operatively (mean 100.82 (standard deviation (SD) 0.63)). No significant differences in the ground reaction force were identified when groups 1 and 2 were compared at 8, 16 and 24 weeks (Mann-Whitney U test, p > 0.05). No significant differences were demonstrated in animals in group 2 at any stage compared to pre-operative values. In contrast, animals in group 1 all demonstrated a significantly decreased ground reaction force at 8, 16 (mean 93.09 (SD 3.33); Mann-Whitney U test, p = 0.021) and 24 weeks (mean 95.44 (SD 2.99)); Mann-Whitney U test, p = 0.035) compared with pre-operative values. In both groups the ground reaction force increased steadily over time until retrieval (Fig. 2) . Radiography. Anteroposterior (AP) and mediolateral radiographs of the retrieved femora demonstrated all implants surrounded by densely impacted ApaPore-allograft composite. The implants appeared to be well fixed, with no obvious signs of subsidence. Slab radiographs through transverse slices (2 mm thick) of the harvested femora with the implant in situ showed that the cemented stem was surrounded by a thick layer of graft material (Fig. 3) . Radiographs of transverse sections distal to the tip of the stem showed that the intramedullary cavity within the tubular cortical bone was packed with graft material. Tetracycline labelling. Cement lines were evident separating newer areas of bone, and the markers were incorporated into both remodelled haversian systems in a regular concentric, centrifugal manner, and in areas of bone where layered appositional growth had occurred.
Qualitative observation demonstrated that in each of the groups bone turnover was greatest at the periphery at the endosteal surface of bone, and became less towards the cement surface. When the results for the fluorescent markers within the graft material from all four regions were presented as means, they demonstrated significantly greater bone turnover rates in group 1 at 2.060 µm/day (SD 0.081) compared with group 2 at 1.580 µm/day (SD 0.054) (MannWhitney U test, p > 0.05). However, variations were found in bone turnover in the proximal, middle, tip and distal regions adjacent to the femoral component in the femur with the significantly highest bone turnover in the distal region in group 1 (2.600 µm/day 1 (SD 0.014) compared A graph comparing the mean ground reaction force in the two experimental groups at three intervals post-operatively. Error bars show the standard errors. Fig. 3 A microradiograph of a transverse section through the proximal region of the femur of a sheep in group 2 (90:10) demonstrating impacted graft material (G) surrounding the implant stem (S) and bone cement (C).
with group 2 (1.300 µm/day (SD 0.05) (Mann-Whitney U test, p < 0.05) (Fig. 4a) . No significant differences were observed in any of the other regions when the two groups were compared. Similarly, the mean results demonstrated no significant differences between the groups when the percentage ApaPorebone contact was compared in a proximal to distal direction along the length of each stem (Fig. 4c) . Backscattered scanning electron microscopy. With this technique, bone growth was identified from the endosteal surface of the bone into and within the ApaPore granules in both groups (Fig. 5a ). Haversian systems were observed adjacent to ApaPore which had been remodelled within mature lamellar bone. Additionally, in both groups bone was identified in contact with the outer surface of ApaPore, and also within its pores. Histology. Histology showed complete reorganisation of the intramedullary canal. In both groups, the implant stem was surrounded by a layer of cement and this was surrounded by ApaPore granules, around and through which new bone had formed. The original cortex was evident.
Histological and SEM analysis of specimens in both groups demonstrated abundant bone growth and direct contact in and around the ApaPore, forming a network of mature lamellar bone adjacent to the implant and within the medullary cavity (Fig. 5a ). Broken particles of ApaPore were also evident, but were embedded within bone, and these were seen also in backscattered electron micrographs (Fig.  5b) . In many instances, bone lamellae within pores were centripedally organised, with bone forming preferentially on the walls of pores. Blood vessels were seen within the pores, and were often located centrally and surrounded by circumferentially orientated lamellar bone (Fig. 5b) . The cement interface was interdigitated with both bone and ApaPore particles. At this interface, granules of ApaPore were identified in direct contact with the cement or were separated from it by a thin layer of bone (Fig. 6) . ApaPore fragmentation was seen in both groups, where denselystained mononuclear, multinucleated and macrophage-like cells were present and contained submicrometre-sized particles of the bone substitute. Fragmentation occurred on ApaPore surfaces adjacent to fibrous tissue, whereas surfaces that were osseointegrated remained intact (Fig. 7) .
Discussion
A limitation of this animal model is the inability to accurately recreate the tissue environment that remains after preparation for revision surgery of the hip. Other studies have documented the suitability of the ovine model for revision THR 9, 10 and reported that the architecture of the sheep femur replicates the human clinical situation, with a paucity of cancellous bone, a wide medullary cavity and a smooth endosteal surface. However, there are aspects of the tissue environment prior to revision THR in humans that are not represented in this model, including endosteal erosions, residual inflammatory tissue, and poor quality host bone.
We found no difference in the ground reaction force between the two groups post-operatively, indicating that all animals used their operated limb to the same extent. This provided quantitative evidence that the overall reduction in limb loading following surgery was not responsible for the difference in the results between groups. A reduction in the use of the limb may have implications for the amount of bone remodelling and new bone formation quantified within the graft mantle.
The thickness of the cement mantle was greatest in the middle region of the femoral component in both groups. No cement mantle was observed in the region distal to the tip of the stem. These results are supported by a recent study by Frei et al, 11 who investigated the graft-cement-host bone interface after impaction allografting of a femoral component in human cadaver femora and showed significantly increased cement thickness in the middle region, with no cement immediately distal to the tip of the stem. They concluded that although cement-endosteal surface contact enhanced the strength of the allograft-cement composite-host bone interface, it was significantly weaker than a primary THR but considerably stronger than the cementless stem interface. Given these variations of morphology of the host bone interface along the femur in impaction grafting, one would expect the properties of the mechanical interface to vary. The cement-bone interface has been extensively studied in primary THR, but little is understood about its strength after impaction grafting. Frei et al 11 suggested that the host bone interface may be enhanced by post-operative allograft remodelling, which may be the key to the success of the impaction allografting technique. Studies by Dai et al 12 and Kwon et al 13 have shown that inorganic bone particles and HA embedded in cement can be replaced by new bone and form a viable cement-bone interface. The shear strength of this interface was found to be significantly higher than that of cement alone. In our study, the results showed well-fixed implants in all cases, with extensive cement interdigitation within the ApaPore and allograft at the allograft-cement interface. Stem subsidence can occur through failure of the cement and the graft at interfaces between these materials and the stem or cortex. Munro et al 14 performed an experiment in vitro to investigate whether increasing ratios of a synthetic porous HA material might also improve resistance to cumulative subsidence and cyclical movement on loading compared to 100% allograft in impaction grafting of the femur. Their results demonstrated that subsidence at the prosthesis-cement mantle and cyclical movement both significantly decreased with the addition of HA. Berzins et al 15 showed no significant increase in the push-out strength of femoral components with increased cement penetration into the graft material. However, a study by Frei et al 16 reported that cement penetration to the endosteal cortex would be beneficial for the clinical stability of the impaction allografting construct, but the excessive presence of cement would prevent extensive bone remodelling of the allograft and cortex. In addition, revascularisation of the endosteal cortex might be further delayed with excessive cement penetration. 17 The administration of tetracycline bone markers allowed quantification of rates of bone turnover, and the results demonstrated significantly greater turnover in group 1 (50:50) than in group 2 (90:10). Previous studies support this finding. 18, 19 However, this study showed no significant difference in the amount of new bone formed following histological assessment of the two groups. The areas where fluoroescent markers had been incorporated within new bone were chosen randomly and at sites where it was possible for measurements to be made. In some areas there were very few sites where fluorescent markers could be identified. Therefore, these results represent the maximum bone turnover rates in each group and it is not possible to compare the bone turnover with the percentage of new bone formation. The rates of bone turnover as measured in Fragmentation of the ApaPore was only observed where soft-tissue interface (si) was present, and not where bone was in direct contact with the ApaPore (b).
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A study by Pratt et al 6 compared impaction grafting of allograft alone with a 1:1 composite of allograft and a bone substitute comprised of 80% HA and 20% tricalcium phosphate in an ovine metaphyseal bone defect. The results demonstrated that larger quantities of new bone were measured within the group where allograft was impacted alone. This highlighted the improved integration and osseoconductive properties achievable with the use of allogeneic bone over synthetic materials. However, in our study we demonstrated equivalent amounts of bone formation in both groups, which may be a function of the limited osseoinductive properties of the allograft used which was subject to processing, gamma sterilisation and freezing prior to impaction within the femoral cavity. These procedures are known to destroy cells and bioactive factors present within the allograft, resulting in an osteoconductive scaffold on to which new bone will grow, but with weak or no osteoinductive capacity. 20 To minimise variation in impaction, all specimens were prepared and manually impacted by the same person. However, some variation between the two groups could arise because of variable distribution of the particle sizes associated with greater amounts of bone graft in the 50:50 group and the reduced compressibility of HA compared to allograft. Deformation and intergranular motion can occur during compaction which can alter the quality of the impaction. Verdonschot et al 21 reported that the size and porosity of the particles are important factors with less deformation exhibited in the biomaterial particles than in human bone graft. Compaction of the graft is essential for bone incorporation and stability of the implant, and will determine mechanical strain within the graft. 22 Hydroxyapatite manufactured in particulate form can be harder than morcellised cancellous bone, and although this may affect the ease with which HA can be impacted, it will ultimately improve compaction and enhance stability of the implant.
Studies have shown that mechanical loading of the graft is important for maximum and rapid graft incorporation, with greater quantities of new bone ingrowth in loaded grafts than in non-loaded ones. 23, 24 An advantage of using bone substitutes such as ApaPore is that, provided the granules do not collapse, some porosity is present. Histological evidence from our study showed that, although there was fracture of some granules, there were also numerous pores through which blood vessels had penetrated. Increased microporosity of scaffolds has been shown to elicit rapid neovascularisation, which is essential for osseointegration. 7 No significant differences in the percentage of ApaPorebone contact were identified when the two groups were compared. Histological and backscattered SEM analysis of specimens in all groups demonstrated a remodelled endosteal surface with abundant bone growth in direct contact within and around ApaPore granules, forming a network of mature lamellar bone adjacent to the implant and within the original medullary cavity. It is questionable whether the 10% allograft used in the group 2 (90:10) contributed to the remodelling of the graft.
As no immediate post-operative quantification of the presence of ApaPore within the femoral canals was performed it was not possible to state when the resorption of ApaPore began. However, following histological preparation of the specimens and observation using SEM, it was clear that the majority of ApaPore was still present, and in many cases completely surrounded by bone with no evidence of resorption at 24 weeks when the animals were killed. A previous in vitro study using a metallic tube and taper by Lawes and Buckland 25 compared the use of allograft alone and in a 50:50 ApaPore:allograft mixture in impaction grafting in the hip, and demonstrated that the 50:50 group had 50% greater mechanical stability, a 50% decrease in subsidence and a significant reduction in the variability of the mechanical properties of the graft material.
The results of this study demonstrated a successful ovine model for hip impaction with well-fixed implants observed six months post-operatively, with no obvious signs of loosening or subsidence. The use of higher amounts of ApaPore in the allograft-bone substitute mixture revealed no significant differences between the groups when ground reaction force and bone growth were compared. In this animal model, the use of ApaPore was found to be a suitable alternative to replace allograft in impaction grafting. The authors conclude that further work is necessary to investigate the use of 100% ApaPore in impaction grafting, as > 90% ApaPore bone substitute would have significant advantages in terms of the sterility, immunogenicity, supply and consistency of the graft.
